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The mapping of electromagnetic field (EMF) exposure over large areas is a very useful tool for the analysis of
epidemiological data and risk assessment. Its production requires a costly measurement process. To optimize the
effort and ensure the representativeness of the exposure map, criteria for the selection of the sites to be measured
must be established. This paper presents a methodology for conducting EMF exposure maps suitable for risk
assessment evaluation in large areas. The proposal combines radio wave propagation criteria and GIS methods to
optimize the sampling effort. The design criteria are based on the determination of a rectangular grid of 250 m
side and the identification of the emitters within the area under study. Both urban and rural sites are analysed in
the proposal and line of sight conditions (LOS) are considered to reduce the number of points required and thus
optimize the measurement effort. Depending on the extent and regularity of the surface, the density of mea-
surement points has been estimated to be between 8 and 10 points per square kilometre in the urban area. The
proposed methodology has been applied to a case study of a 2.8 km? urban area within a 35.11 km? municipality,
obtaining an average point density of 9.64 points/km? in the urban area. The differences in exposure depending
on the application of the criteria have been analysed by means of the statistical values of the sets and the
subtraction of the maps generated using kriging techniques. According to our results, if LOS measurements are

not properly incorporated, the mean value of the EMF is underestimated in the area under study.

1. Introduction

In the last decades, due to the development of the Information and
Communication Society, there has been an increase in exposure to
electromagnetic fields (EMF), in particular those used by communica-
tion networks (mobile telephony, WiFi, wireless, etc.) and mainly in the
radio frequency (RF) bands (Neubauer et al., 2007). At the same time,
there has also been increasing public concern about the potential effects
of EMFs, including RF and Low Frequency (LF) and on human health and
biodiversity (Roosli et al., 2010; Biasotto and Kindel, 2018). The risk
perception of these developments is complex and requires tools that
provide the public with objective and easily understandable data (Wang
et al., 2021). Radio propagation in urban environments is complex to
calculate accurately and models and methods that try to assess the effect
of multipath on radio propagation have been regularly used: Artificial
Neural Networks, Radial Basis Functions... (Jawad et al., 2014; Aerts
etal., 2013; Cansiz et al., 2016). From the beginning of these studies, the
exposure assessment tried to analyse three aspects: What is the increase
when incorporating a new station? What is the optimal way to measure
exposure? And what is the biological effect produced? (Thuroczy et al.,
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2008) This work attempts to find the criterion to determine the amount
of measures necessary to adequately assess the exposure in a large area,
contributing to answering the second question.

There are two types of measurement procedures for monitoring RF
field exposure: mobile (personal) and fixed. Fixed locations measured
with a spectrum analyser or a frequency selective meter are the most
accurate, although they require more effort in terms of cost and
personnel. For a quick characterisation at a fixed location, there is also
the possibility of using a broadband probe, although in the latter case,
the spectral information specific to each service or the changes associ-
ated with the use of the RF spectrum, which is provided by personal
exposure meters or measurements with selective meters, is lost
(Sanchez-Montero et al., 2017).

General-purpose spectrum analysers additionally need an omnidi-
rectional antenna and, in most cases, some additional programming that
performs the averaging of the measurement is required. The selective
meters for fixed sites have an integrated specific probe and are designed
in such a way that they incorporate the classic averaging functions.
Personal exposure meters allow a large number of measurements to be
collected for a single individual or a population group. However, they
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Fig. 1. Location of measurement area.

Table 1
Properties of the different analysed datasets.

Dataset Point # LOS # Density (points/kmz) Distance (m)
Urban 65 13 23.21 167.2
Urban 1 17 3 6.07 348.3
Urban 2 16 3 5.71 302.4
Urban 3 16 3 5.71 358.8
Urban 4 16 4 5.71 325.8
Rural 119 63 3.68 417.9
Rural 5 49 26 1.52 709.4
Rural 6 70 37 2.17 561.2
Urban 12 33 6 11.79 222.2
Urban 13 33 6 11.79 215.5
Urban 14 33 7 11.79 199.5
Urban 23 32 6 11.43 188.2
Urban 24 32 7 11.43 188.9
Urban 34 32 7 11.43 221.1
Urban 123 49 9 17.50 179.7
Urban 124 49 10 17.50 178.7
Urban 134 49 10 17.50 186.0
Urban 234 48 10 17.15 170.4

present the problem of generalising the results, although the mobility of
the user, as an element to be considered in the exposure, makes them
particularly interesting in the analysis of spatial variation for a single
user. Up to now, to ensure the adequacy of the EMF exposure levels at a
site to the current regulations, two methods are recommended indis-
tinctly: measurements with a selective meter or spectrum analyser and
broadband measurements. Both are based on the ICNIRP original
guidelines from 1998 (International Commission on Non-lonizing

Radiation Protection (ICNIRP), 1998), EN50413 and IEC 62311 (Inter-
national Electrotechnical Commission, 2019), on which the European
and Spanish regulations are sustained (BOE, 2001; BOE, 2002; European
Union, 1999). Recently, ICNIRP has published an update of the recom-
mendations on EMF protection (International Commission on Non-
lonizing Radiation Protection (ICNIRP), 2020). Among the most
notable changes affecting this work are the change of the averaging
interval to 30 min (as opposed to the previous 6 min) for the whole body
and the limit up to 2 GHz in the definition of the reference values. The
most restrictive limit is 27.7 V/m in that bandwidth, versus 28 V/m in
the probe bandwidth (100 kHz to 3 GHz) considering the 1998 recom-
mendations. In the case of local exposures, the averaging interval can be
greater than or equal to six minutes and is also considered up to 2 GHz.
Its most restrictive value in the bandwidth is 62 V/m. These changes
have not yet been incorporated into the aforementioned European and
Spanish regulations. For this reason, and for reasons of comparison with
previous work, the measurements made in this proposal have been
averaged over a 6-min interval.

Until the recent incorporation of geostatistical techniques that have
made it possible to characterise large areas, the adequacy of radio levels
using fixed sites was usually restricted to the legally required mea-
surement of levels near mobile phone base stations (BTS). In this
context, the portable personal exposure meters appeared and have
allowed the development of numerous studies to characterise RF-EMF
exposure in several European cities (Gajsek et al., 2013; Sagar et al.,
2018). Personal exposure meter studies developed in the last decade
have allowed the characterisation of the personal exposure and the
prediction of exposure levels through the development of models (Frei
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Fig. 2. Location of the measurement points for different subsets.

measurement refers to local exposure on the body. For this reason, when
assessing levels over large areas, a method with fixed locations is pref-
erable (Sanchez-Montero et al., 2017).

Broadband measurements enable a global characterisation of the
radio environment and have been used to verify levels, find emission

Table 2
Statistical values of the measured datasets in urban and rural areas.
Count  Average Standard Minimum Maximum Range
deviation
Urban 17 0.329 0.475 0.05 1.90 1.85
1
Urban 16 0.153 0.110 0.04 0.45 0.41
2
Urban 16 0.260 0.307 0.06 1.22 1.16
3
Urban 16 0.250 0.243 0.06 0.96 0.90
4
Urban 65 0.249 0.315 0.04 1.90 1.86
Rurall 49 0.216 0.164 0.05 0.66 0.61
Rural 2 70 0.241 0.210 0.03 1.00 0.97
Rural 119 0.231 0.192 0.03 1.00 0.97

sources, etc. (Koppel et al., 2022). In some cases, characterisation has
been limited to trajectories in order to find the maximum values in an
area (Liu et al., 2019), around a single base station or in a street (Pachon-
Garcia et al., 2014). They have also been used to obtain the relationship
between indoor and outdoor measurements (Reis et al., 2018).
Different geospatial methods (Spline, Inverse Distance Weighting
(IDW) and kriging) have been used to plot electric field variations from
fixed site measurements on a map (Bojdova et al., 2019; Giliberti et al.,
2009). The Kriging method performs optimally for wide ranges of
values, while the IDW works best for small values. The kriging technique

et al., 2009; Beekhuizen et al., 2013; Beekhuizen et al., 2014; Martens
et al., 2016), compare personal exposure in different cities (Urbinello
et al.,, 2014a), verify compliance with legal limits (Urbinello et al.,
2014b) or study spatio-temporal differences (Vermeeren et al., 2013;
Viel et al., 2011). They have also been used to characterise singular
events such as concerts or fairs, where temporary installations and large
number of people occur (Ramirez-Vazquez et al., 2019). Its main ad-
vantages are small size, sensitivity and the ability to store large amounts
of data. This makes them especially suitable for the assessment of micro-
environments. The main drawback of personal exposure meters in this
case is the extrapolation of the data obtained individually, especially in
terms of adapting to EMF exposure legislation. Another important issue
is the bias of the measurements (Bolte, 2016). Because of this, they tend
to underestimate the value of the measurement (Najera et al., 2018).
These devices measure specific bands, but not the entire bandwidth.
They are also not suitable for near-field measurements and their

has been widely used for risk assessment and representation of envi-
ronmental variables combining remote sensing techniques and local
sampling in flood prevention or agriculture (Kross et al., 2022). The
Kriging technique has been applied to interpolate small areas with high
sampling densities (Iyare et al., 2018), or even to calculate the specific
absorption rate in the human body. Obtaining a general value of the
exposure is of crucial importance when it comes to relating this data to
the appearance of certain diseases (Gonzalez-Rubio et al., 2017).
Obtaining particular solutions can lead to errors in establishing inci-
dence relationships (Gonzalez-Rubio et al., 2016). The aim of this work
is to determine the optimal criterion for the choice of fixed measurement
sites to determine the EMF exposure over a large area using Kriging
techniques.

Section 2 describes the materials and methods used in carrying out
this proposal. First, a description of the environment in which the
measurements were taken is given, presenting the points in two different
areas: rural and urban. These points have been grouped to obtain
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Table 3

Statistical comparison between different datasets.
Comparison p-Value
Urban 1 / Urban 2 0.0000
Urban 1 / Urban 3 0.0992
Urban 1 / Urban 4 0.0130
Urban 2 / Urban 3 0.0003
Urban 2 / Urban 4 0.0040
Urban 3 / Urban 4 0.3760
Rural 1 / Rural 2 0.0694

coverage densities and distances in the urban area in the range of 23.2 to
5.7 points/km2 and 167.2 to 358.8 m. In the rural zone, densities and
distances range from 3.68 to 1.52 points/km? and 417.9 to 709.4 m.
These values make it possible to discuss in a wide range, depending on
the characteristics of radio propagation, the effort of measurements to
be made to obtain a true estimate of the exposure values. This section
also describes the equipment used to make the measurements, in this
case a NARDA EMR 300 m, and the protocol used to make the mea-
surements. The subsequent analyses are based on the calculation of the
statistical values of the different data sets (mean, variance, distribution
fit and independence) and their appropriate geographic interpolation.
The software tools used for this purpose (Statgraphics, ArcGIS and QGIS)
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have also been expressly mentioned in Section 2. Finally, the validation
of the proposals has been carried out by comparing them with additional
measurement campaigns. The characteristics of these campaigns have
also been described in Section 2. Section 3 analyzes the statistical
properties of the different data sets. This has allowed us to discard as the
only criterion in the definition of the number of measurements required
the distance between points or the density of points, while introducing
the visual watershed analysis to distinguish the 250 x 250 m? grids
according to their surface under LOS or non LOS (N-LOS) conditions. To
argue the insufficiency of measurements in the case of 500 x 500 m?
grids, the additional campaign carried out with this criterion has been
analysed, testing the shortcomings of the geographic interpolation.
Section 4 discusses the characteristics of the different measurement
subsets that may lead to errors in the geographical representation, and
then establishing the necessary criteria to be fulfilled for the adequate
representation of the exposure: existence of measurements in LOS con-
ditions, measurements in the contours of the surface to be measured to
avoid errors in the limits of the exposure maps and the possibilities of
reducing the number of measurements according to LOS/N-LOS condi-
tions. According to this discussion, a proposal for an optimal measure-
ment campaign has been made with a density of 9.64 points/km? in the
urban area, which has been contrasted with the 4 points/km? suggested
by the regulations cited in the text. Finally, the conclusions drawn from
this proposal are highlighted in Section 5 below.
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Fig. 4. Probability distributions for the different sets in urban (left) and rural (right) areas.
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2. Material and methods
2.1. Location of the measurement points

Meco is a municipality of about 13.000 inhabitants located about 30
km east of Madrid. The area of the municipality is 35.11 km? and can be
divided into an urban area and a non-inhabited (rural) area. The urban
area is well delimited and corresponds to an extent of 2.80 km?2. In the
southern area, there is a small industrial area, far away from the urban
area, which will not be considered in this study.

The council has the classic FM and DTV broadcasting services,
although there are no transmitters within the municipality or in neigh-
bouring areas. There is also mobile telephone coverage, for which there
are eight BTS’s within the municipality and another nine that provide
service from neighbouring areas. The surface is generally smooth, with a
higher elevation in the north, so there are no shaded areas due to the
presence of natural obstacles. The location of the municipality is shown
in Fig. 1. The solid red line delimits the municipal area, and the yellow
dashed line determines the urban area. The topography of the terrain is
also shown in the upper left corner of Fig. 1.

ITU-T recommendation K.113 (International Telecommunication
Union. Recommendation ITU-T K.113, 2015) suggests establishing grids
of no >500 m (4 points/kmz) used to divide up the surface area and take
measurements at its corners. In an area such as the one described above,
this implies taking approximately 140 measurements over the entire
municipal area, of which approximately eleven would correspond to the
urban area and the remaining 129 would correspond to the rural area.
The establishment of precise grids in urban areas, when the intention is
to take measurements at street level according to the ICNIRP criteria
(International Commission on Non-Ionizing Radiation Protection

(ICNIRP), 2020), is practically impossible due to the inaccessibility of
them. Regarding the distances between measurements, in (Thurdczy
et al., 2008) distances of up to 250 m were taken with respect to the BTS
in an urban environment. Due to the characteristic of radioelectric
propagation, a relationship between distance and exposure levels was
not established. According to previous works (Sanchez-Montero et al.,
2017; Najera et al., 2018) acceptable results can be obtained when the
distance range is around 250 m. When it comes to propagation in free
space, the attenuation of the electromagnetic wave is directly propor-
tional to the square of the distance (Friis Equation). This contribution is
the most relevant in conditions of direct vision to the emitter (LOS).
However, in the absence of direct vision (N-LOS) the received signal is
the result of multiple reflections, in what is known as multipath. In this
case, the signal is characterised by a variation with distance that differs
greatly from Friis’s law of quadratic variation and coverage calculations
are usually obtained from empirical propagation models. So, it must be
decided to locate the sites in accessible places, ensuring a homogeneous
coverage of the area. In this work, a slightly larger set of points than
initially suggested has been used as a starting point. To achieve coverage
of the entire municipality, 184 measurements were taken, 65 (23.21
points/kmz) in the urban area and 119 (3.68 points/kmz) in the rural
area. The measurement points have been chosen to achieve a homoge-
neous coverage of the terrain, considering the possibilities of access to
the sites.

This implies in a practical way, as previously mentioned, the
impossibility of establishing regular grids in the field. The recommen-
dation does not explicitly state the obligation to take measurements at
points with a direct LOS to the transmitters, however, as will be shown
later, this criterion needs to be incorporated in the identification of the
measurement points. In the maps produced, BTS’s have been marked by
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blue triangles. Solid symbols (squares or circles) represent measure-
ments where direct LOS is achieved to any of the emitting sources. In
contrast, hollow symbols (squares or circles) indicate measurement
points where there is no direct line of sight (N-LOS).

The classification as rural or urban tries to distinguish cases where
the radio propagation can be explained by a classical two-ray model
(rural) or may be characterised by a multipath model due to the pres-
ence of buildings and other obstacles (urban). In the case under study,
the buildings throughout the urban area correspond to residential
houses of no >10 m in vertical height, except in an area in the southeast
where there is a group of blocks of flats of approximately 20-25 m in
height.

The initial point densities achieved, as previously indicated, in urban
and rural areas are 23.21 points/km? and 3.68 points/km? respectively.
The average distances to the nearest point are 167.2 m in the urban area
and 417.9 m in the rural area. This is a slightly lower starting point than
what was established in previous works. To determine the adequate
point density in each area, the points in the urban area were divided into
four subsets (dataset 1 to 4) and the rural points into two subsets (dataset
5 and 6). In addition, to study the influence of the density of points on
the estimation of the measurements, the urban sets have been grouped in
pairs or triplets so that they have average distances between similar
points and form a homogeneous coverage network. The number of LOS
points in each of the urban subsets has been chosen similar and in the
rural sets, it has been chosen proportional to the total number of points.

Table 1 shows the number of points in each set and the average
density and distance. The representation of the subsets of points is
shown in Fig. 2 with the colours indicated below. For urban area mea-
surements (circle): urban 1, urban 2, urban 3 and urban 4. For the rural

area measurements (square): rural 5 and rural 6. Each of the four subsets
has mean distances between 300 and 350 m. If the subsets are grouped
in pairs, the average distances are approximately 200 m, whereas, if the
grouping is done in triplets, the average distances range between 170
and 180 m. The two subsets in rural area have been chosen with
different average distances, the first one with slightly >500 m and the
second one with a value of >700 m. For example, in the case of urban
sets, the urban12 pair contains the points of both subset 1 and subset 2.
The urban123 trio contains the points of subsets 1, 2 and 3. When
contrasting a group of points (subset, pair or trio) compared to others,
the aim is to highlight the characteristics that differentiate it from the
rest. Likewise, it is intended to check the validity of the interpolations
for different distance ranges, using different sets of points that represent,
with different distance and density, the exposure value. In this way,
distances of approximately 160 m are compared in the case of all urban
points, approximately 300 m when the single subsets are considered,
about 200 m when the pairs are considered and around 180 when the
trios are considered. Similarly, in the rural case, distance ranges be-
tween points vary in the range between 417.9 and 709.4 m depending
on the group of points considered. The distribution of the points between
the different subsets has been made to maintain approximately homo-
geneous surface coverage in all cases.

2.2. Measurement equipment and protocol

The measurement equipment follows ITU recommendations: a min-
imum detection level of 1 V/m, a dynamic range > 40 dB, linearity of
1.5 dB, probe isotropy <2.5 dB (International Telecommunication
Union. Recommendation ITU-T K.100, 2021), minimum rms
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measurement range 0.3-20 V/m; and sensitivity 0.3 V/m (International
Telecommunication Union, 2018; International Telecommunication
Union, 2024). In our proposal, a Narda EMR-300 Broadband RF Survey
Meter and a Narda Isotropic Probe 18C were used for the measurement
of the electric field intensity in the 100 kHz to 3 GHz range with 0.01 V/
m resolution, detection level of 0.2 V/m, a dynamic range of 60 dB,
linearity +0.5 dB, isotropic deviation +1.0 dB, an rms measurement
range of 0.2 to 320 V/m, a sensitivity 0.2 V/m. We also used a non-
metallic Tripod EMCO 11689C. The parameter that determines
compliance with the standard is the electric field level. According to
current legal limits, the most restrictive value in the range is 28 V/m
(please remember that this refers to ICNIRP 1998 version). Therefore, if
the cumulative measured value is lower than this value, compliance
with the standard is verified. In our case, the instantaneous measured
values were automatically averaged for 6 min using the RMS mode of the
device. To carry out the measurement, an open area has been selected
within each of the chosen grids. In cases of direct vision (LOS), the line of
sight with the different BTS has been ensured, avoiding shielding from
walls, trees or other obstacles. The meter has been placed on the tripod
at a height of 1.5 m and the rms averaging mode has been activated for 6
min. During the measurement, a distance of several meters from the
equipment has been maintained and the use of electronic devices that
could interfere with the measured value has been avoided. To ensure
comparable use of the base stations, all measurements were taken during
the 9:00 to 14:00 time slot from Mondays to Fridays.

2.3. GIS and statistical tools

ArcGIS Pro 3.0 (ESRI, 2016) was used to create the maps and QGIS

3.26 (Cuckovié¢, 2021) was used to obtain the viewshed analysis, which
assessed the existence of direct vision to the different base stations. The
methodology chosen for the geographical interpolation of exposure
values has been ordinary kriging. This type of interpolation is the one
that presents the best results compared to other types of kriging or the
traditional inverse distance (IDW) technique (Sanchez-Montero et al.,
2017). Statistical analyzes were carried out using Statgraphics (Stat-
graphics Technologies Inc, 2009) software. This package allows the
performance of means, variances, comparison of sample independence
and the fitting of points to different probability density functions.

2.4. Additional measurements campaigns

In addition to the sets of points indicated in Section 2.1, two addi-
tional measurement campaigns have been carried out in 2023. The first
of them consisted of a set of 11 urban points with an average distance of
approximately 500 m (3.93 points/km?) with the objective of comparing
the results of its interpolation with that obtained with the original set.
This should allow us to validate or discard that original average distance
between points as a sampling value for the territory. In the second
campaign, also in 2023, 27 new urban points have been measured
following the criteria obtained from the analysis of the original points
(9.64 points/km?). The objective of this latest campaign is to validate
the proposed criteria, proving that there are a number of points that
optimize the effort in data collection, maintaining the representative-
ness of the exposure values.
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3. Results
3.1. Statistical properties of the measured values

In this section, the main statistical values of the different sets and
subsets of points will be analysed. First, we will compare the mean and
variance values to check whether the different subsets have similar
overall properties. A subset may be considered valid if its statistical
properties represent with similar fidelity the global set. That is, if the
average value of the urban or rural area within its confidence interval
and its variability is similar for each of them. Secondly, the statistical
differences between the subsets of values will be analysed. The existence
of subsets independent of the rest will be an indication that their vari-
ability represents the surface under analysis differently and, therefore,
the reason for these differences should be the subject of discussion. The
last statistical tool used to characterise the subsets is the fitting of the
probability function. This is a graphical way to visualize the statistical
differences between different subsets. The statistical results of the
carried-out measurements are summarised in Table 2 for the areas
identified as urban and rural.

As can be seen from the tables above, the maximum values measured
in both the rural and urban areas are well below the legal limit of 28 V/
m. Before to validate the compliance of the whole area using the subsets,
it is convenient to compare them statistically. For this reason, the main
statistical values of the samples and their independence are analysed in
the following. First, the values of the means and confidence intervals of
the different sets are shown in Fig. 3. Analyses of the means, medians
and standard deviation between the different urban sets or between both
rural sets performed with Statgraphics (Statgraphics Technologies Inc,
2009) show that there are no significant differences between the means
of these sets. Similar results are obtained for the median tests.

If a comparison is made between the standard deviation of the
samples, Table 3 is obtained. In the cases where the p-value is <0.05,

there is a statistically significant difference between the sets analysed.
For the rural sets, no significant statistical differences were found in the
mean, variance, and median tests. On the other hand, in the urban sets,
there are no statistical differences in the mean and median, but there are
differences in the variance.

As can be seen, in the urban area, even for average distances between
points ranging from 300 to 350 m, which is far less than the 500 m,
recommended by the ITU, there are significant statistical differences. On
the other hand, in the rural area, for distances >500 m, there are no
significant differences. From these results, it can be established that the
average distance between points (or their density) cannot be considered
as the only criterion for selecting the measurement points. If the distance
were the only criterion, independent subsets should represent the
exposure values in a similar way. For this reason, it is necessary to
analyse the origin of these differences between the sets to propose an
optimal criterion for performing this type of measurements.

According to previous work (Cansiz et al., 2016; Sanchez-Montero
et al., 2017), the measurements follow a lognormal statistical distribu-
tion. Fig. 4 shows the cumulative probability plots for the different
clusters. In the case of the urban sets, the colour assignment is Blue-1;
Red-2; Green-3; Black-4. In the case of the rural sets, the colour
assignment is Blue-1; Red-2. As can be seen in the figure, urban subset 2
(red), which has the lowest mean of the four, is the one that visually
shows the greatest differences compared to the rest of the sets.

For a better understanding, a representation of the measured levels
has been made using ArcGIS (ESRI, 2016). The interpolation technique
chosen, in accordance with the literature cited, was ordinary stable
kriging. To establish a valid comparison between the representations,
the following parameters have been set for all of them: Output cell size:
0.5, Search Radius: Variable and Number of points: 12. The measure-
ments with the highest value correspond to the areas close to the BTS’s
where there is a LOS between the measurement point and the trans-
mitting antenna. Conversely, the lower value measurements occur in
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areas further away from the BTS’s or where there is N-LOS to the an-
tenna. Fig. 5 represents the interpolation over the entire municipal area.
In all the maps made, for the sake of comparison, a single scale of values
between 0 and 2 V/m divided into 13 intervals has been used.

3.2. Definition of the grid and measurement criteria

In the previous maps, the areas with a higher level of exposure are
near the BTS. As indicated above, the existence of direct vision condi-
tions (LOS) to them presupposes the existence of a higher level of
exposure. On the contrary, the lack of these measurements would lead to
underestimating the real values and, therefore, obtaining lower aver-
ages. To assess the influence of LOS condition on the measured EMF
levels, a visual viewshed analysis of the municipality has been carried
out. Fig. 6 represents a visual viewshed analysis of the urban area from
the emitting sources, based on digital elevation mapping of the terrain,
including buildings, considering a height of 5 m for the BTS antenna and
a maximum visual range of 2 km. This analysis has been carried out
using the Visibility Analysis plug-in of QGIS (Cuckovi¢, 2021). In Fig. 6,
grids of half the value of the ITU-T K.113 recommendation, i.e. 250 x
250 m?, have been included. Fifty-seven grids have been identified,
although six of them have an almost negligible area. The darker areas
represent direct vision and closer proximity to the emitting sources.
Lighter areas indicate greater distance to the emitting source or N-LOS.
Areas with higher visibility are mainly located to the south and east of
the urban area. The western area is the area that contains the largest
shaded area. Based on the percentage of direct vision surface in each
grid, in the inner map, the grids have been classified in four intervals.

To discuss the criteria for the assessment of the optimal number of

points or to characterise of the set of measurements that make it sta-
tistically representative, the measured data have analysed in terms of
the six subsets indicated in Table 1. The interpolation of the measure-
ments obtained by kriging techniques is depicted in Fig. 7 and Fig. 8.
Fig. 7 corresponds to the four urban subsets and Fig. 8 corresponds to the
two rural subsets. This reduction of points in the different subsets im-
plies that there is no direct vision measurement in the vicinity in some of
the emitting sources. This effect can be appreciated in subset 2 of Fig. 7,
where the absence of line-of-sight points leads to an almost homoge-
neous estimation over the whole area.

To highlight the differences between the different subsets, sub-
tractions have been made between the maps shown in Fig. 7 and Fig. 8.
The analyses have been made, in the urban case, by comparing them in
pairs or individually with respect to the other three. The differences
have been obtained using map algebra. For example, to compare the
points of subset 1 with the rest of the urban points, interpolation maps
have been made with the points of subset 1 (Fig. 7 upper left) and with
the set of points of the trio formed by subsets 2, 3 and 4 (not shown in the
figures to avoid redundant maps). After that, both maps have been
subtracted. The result is shown in Fig. 9, upper left, indicated as “Dataset
1 vs Dataset 2, 3 &4). In the rural case, directly with respect to each
other. The results for the urban case, in absolute value, are shown in
Fig. 9 for each dataset with respect to the rest and in Fig. 10 for the
datasets grouped in pairs. The measurement points indicated on each
map correspond to the first of the sets or groups of sets referred to in the
legend.

In the urban area, the difference maps of a subset with respect to the
rest, as shown in Fig. 9, confirm the differences around the BTS’s,
especially when the compared subset does not have LOS measurements
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Fig. 10. Differences between pairs of datasets.

near them. In contrast, in the shaded coverage areas to the west,
regardless of the chosen subset, the differences are very low. When
considering a pair of the subsets against each other (Fig. 10), the dif-
ferences between interpolated areas and fixed points measured values
are maximised.

In the rural case, the first difference observed when analysing Fig. 11
is that both maps are much more like each other than in the case of
urban datasets since the observed differences are smaller. This is also
corroborated by the statistical values shown in Table 2 and Fig. 4. The
difference between values of the two interpolations is smaller when the
covered area lacks LOS areas, while the differences are larger, as in the
urban case, when no sampling takes place in the vicinity of the BTS’s or
there are unsampled LOS areas.

As can be seen in Table 1, the subsets chosen in the urban area have
an average distance between points (300-350 m) slightly lower than the
ITU recommendation (500 m). The results shown up to now suggest that
it should probably be even smaller, but in any case, to discard this
original value of 500 m (4 points/mz); an additional measurement
campaign has been carried out with these characteristics.

An additional dataset of measurements consisting of eleven urban
points (approximately 4 points/km?) independent of the previous ones
has been carried out. The range of measured values is between 0.08 and
2.39 v/m. The mean value is 0.407 and the standard deviation 0.671
fitted to a lognormal distribution. As in the previous case, the maximum
value is found in the vicinity of the northernmost base station located in
the area. As can be seen from the map in Fig. 12, the low sampling de-
fects lead to an IDW-like representation that does not correspond to the
variability of the data seen in any of the original subsets. Therefore, it
becomes clear that the generic conditions of 500-m square grids are
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insufficient to assess adequately an urban area.
4. Discussion

As previously indicated, the measurement methodology follows the
six-minute averaging procedure currently in force, although modified by
the latest ICNIRP recommendations. These changes are mainly moti-
vated by the deployment of 5G technology and the consequent change in
the time variation of the radiated signals. In the case of the population
analysed, the deployment of this technology has not yet taken place, so
the measurement procedure can be considered adequate. The incorpo-
ration of the new network may imply modifications in the way in which
the exposure value is obtained in the chosen point, but in the same way
there will be a measured value to interpolate in the area under study. In
the choice of locations and measurement points, the LOS criterion is
independent of the type of technology to be considered. From a radio
wave propagation point of view, the frequencies used (not the temporal
shape of the signals) for the new 5G network are not significantly
different from those of the current ones, so the basic propagation
mechanisms (LOS or multipath) will be similar. Although this will
require further analysis, the criteria chosen for the definition of the
points should be comparable. Another possible factor to consider in
subsequent analyses is the typology of buildings (in the case under study
they are mainly residential areas). In the comparison with other previ-
ous works, it should be noted that most of the analysed works use per-
sonal exposure meters to obtain the exposure values. This may lead to
differences in the reported values since, as noted, exposure meters tend
to underestimate the actual exposure value (Martin-Castillo et al.,
2021).
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Fig. 11. Differences between rural datasets.

Considering the previous possible limitations, as can be seen in
Fig. 5, in general, when the measurements are carried out under LOS
conditions and near the emitting source, as expected, the highest values
are obtained. The existence of LOS to the BTS’s of the municipality is
what fundamentally determines the levels of exposure. Fig. 7, in the map
corresponding to dataset 1, shows an area with a higher level to the
north, which is not visible in the rest of the maps due to the lack of
sampling in LOS conditions and proximity to the base station in those
sets. On the contrary, in dataset 2 the measurement points defined as
LOS are relatively far from the emitting sources, which results in an
underestimation of a large part of the surface and a more homogeneous
level map, which does not detect the areas with higher levels. This
highlights the importance of collecting points on the surface under study
near the emitters and under LOS conditions. In contrast, in shaded areas,
the position of the measurement point has less influence on obtaining a
similar representation of the interpolated levels. In the four cases shown
in Fig. 7, similar levels can be seen in the western area. An additional
issue is the placement of measurement points on the perimeter of the
area to be determined. When the area to be measured has points on the
perimeter (datasets 2 and 3 in the western area), its surroundings show
less variability. This should be an additional criterion for maintaining
the accuracy at the limits of the area to be characterised.

Considering the difference maps in Fig. 9, the one with the smallest
differences in the kriging interpolation with respect to the rest is the one
corresponding to dataset 3. In other words, this subset has both statis-
tical and geographical characteristics equivalent to the other three.
Therefore, a quasi-optimal grid seems to exist for urban environments in
terms of measurement campaign effort with a density of about 6 points/
km? and an average distance between them of 350 m. This distance
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between points is significantly smaller than that expressed in the ITU K-
113 recommendation (500 m and 4 points/km?). This subset does not
contain the maximum measured value, as it does not sample near the
northernmost base station, suggesting that some additional points
should be incorporated to increase its point density.

When increasing the point density by grouping the subsets in pairs
(Fig. 10) the best results are achieved when combining heterogeneous
sets (dataset 1 and 2), especially around base stations. That is, reiter-
ating measurements in direct viewing areas around an emitting source
does not increase the statistical significance of the set. On the contrary,
combining measurements in N-LOS and LOS condition does improve the
representativeness of the dataset. Therefore, the point density for an
optimal grid must be established taking into account whether the surface
to be assessed has predominantly LOS or N-LOS characteristics or
whether, on the contrary, both conditions are balanced. This shows that
the criterion of increasing the number of measurements in areas where
both conditions coexist should be considered.

Therefore, if we consider the grids shown in Fig. 6 (250 m and 16
points/km?), it could be established that, in those grids where there is an
emitting source, a measurement point must be located under direct
vision conditions. On the other hand, in those where there is no emitting
source, considering the homogeneity of the surface with respect to the
conditions of LOS and N-LOS, could be grouped with the adjacent ones
to reduce the number of measurements necessary, without a priori
implying a loss of statistical significance. Considering the initial dis-
tances (250 m) and the distance detected in dataset 3 (350 m), the level
of grid grouping should be set at a value of two, and in any case, less than
three. Having made this argument, it would remain, as future work, to
evaluate the grouping techniques that allow this process to be
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automated. According to the results shown and taking into account what
has been said for the particular analysis of the sources, the average
density of points can be increased with respect to the case of dataset 3, so
that the average values would be around 300 m and 8 points/km?.

In the rural area, the topography of the terrain mainly determines the
areas of LOS and N-LOS. The north-western part of the municipality is
mainly in shadow, and the south-eastern part is in direct vision. Because
of this, there is a correlation between the viewshed analysis of the
emitting sources (Fig. 6), the topography of the terrain (Fig. 1) and the
representation of measured values (Fig. 5). The major differences be-
tween the two maps in Fig. 11 correspond to the existence of measure-
ments in the vicinity of the emission sources (to the east) or associated
with the under- or oversampling of different areas (to the south). An
effect is seen in the case of set 6 (higher point density) leading to the
appearance of island zones similar to the representation of an inverse
distance-style interpolation in Fig. 12. Therefore, over the reference
distance of 500 m between points, an increase of at least 50% (750 m)
could be considered without any significant statistical loss of the set,
except for respecting the sampling in the LOS areas. The grouping of
grids into homogeneous zones would also be possible, as in the urban
case. Here, also starting from base grids of 250 m on each side, it would
be foreseeable to reach a level of grouping of up to 4-8 grids of homo-
geneous characteristics to be assessed with a single measurement.

Finally, to check the validity of the proposal, a third set of urban
measurements in 2023, independent of the previous ones, was carried
out in the area under analysis. Based on the criterion of eight points/
km?, measurements were taken at the sites indicated at the top of
Fig. 13. The campaign consists of 27 points, of which 14 were measured
under LOS conditions and 13 under N-LOS conditions. The range of
measured values was between 0.05 and 1.65. The average distance
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between points is 272 m. The set has a mean value of 0.418 and a
standard deviation of 0.570. Comparing these values with those of the
original set, they are slightly higher (Table 2 and Fig. 14), because of a
higher ratio of points measured in LOS conditions. The lognormal dis-
tribution fit of both data sets is shown in Fig. 15. The p-value of the mean
indicates that there is no significant statistical difference between the
two sets, but the p-value of the variance does. In other words, both sets
are able to statistically represent the mean value of the municipality,
although obviously, a larger number of samples reflects differently the
variability of these measures.

If we now compare the differences between the two sets of mea-
surements (Fig. 13 bottom right) we can see a predominance of green
tones that represent the lowest absolute error values between the kriging
interpolations of both sets. Comparing this result with those in Fig. 9 and
Fig. 10, where the original subsets were subtracted, a larger green area is
visible. Therefore, the reduction from 65 to 27 values (23.21 points/km2
to 9.64 points/km?) has resulted in an equivalent mean representation
and a surface distribution with small errors. This value of point density is
slightly higher than the initially proposed value of 8 points/km? and
300 m distance between points and it is due to the irregularity of the
measured surface and the necessity to sample on the perimeter of the
surface to reduce the variability in the limits. Regarding the LOS con-
ditions established in the visual watershed analysis, of the Fifty-seven
urban grids of 250 x 250 m?, twenty-seven have been sampled, which
is equivalent to 47% of the total (overall reduction of 2:1). Nineteen of
the measurements were made in one of the twenty-four grids marked
above 50% in the visual viewshed analysis in Fig. 6 (5:4 clustering). In
contrast, only eight measurements were made in any of the thirty-tree
grid squares below 50% (4:1 clustering).

These results can also be related to the grid size in an equivalent way.
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Under LOS conditions, the recommended grid size for an urban area
should not exceed 250 m on a side to assess the sampling area. On the
other hand, when the area to be assessed does not have LOS points, the
grid size can be up to 500 x 500 m2. Each grid of 500 x 500 m? contains
4 grids of 250 x 250 m?, which is equivalent to a grouping of 4:1. In
addition to this, in the rural area, where multipath propagation does not
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exist, these distances can be increased to values of 700 m between points
as previously deduced, which would lead to a clustering of approxi-
mately 2:1 of the 500 x 500 m? grids (6-8 in 250 x 250 m? grids).
The original and 2023 datasets of measurements also show a slight
average difference between them as can be seen in Figs. 14 and 15. The
latter measurements have an average value of approximately 0.42 V/m
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Fig. 15. Adjustment of the distributions of the 2023 set of points (red) and the
original urban set (blue). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

and the former of 0.25 V/m. This difference may have been influenced
by two main causes. The first is obviously a higher level of EMF and the
second, a higher proportion of measurements in LOS conditions (14/27
in the latter and 13/65 in the former) and therefore of higher value. This
result reaffirms that, if LOS measurements are not properly incorpo-
rated, the mean value obtained is underestimated in the area under
study.

5. Conclusions

In this proposal, the methodology for EMF exposure mapping in large
areas has been analysed. To optimize the measurement effort over a
large area, a division into 250 x 250 m? urban grids should be consid-
ered, in which the possible sources of radiation should be known. A
measurement under LOS conditions must be performed in each of the
grids in which any of the emitters is present. The absence of measure-
ments under LOS conditions implies an underestimation of the mean
values. To select the rest of the grids to be measured, the viewshed
analysis allows to simplify the number of measurements by grouping
those grids determined as N-LOS. To achieve optimal interpolation re-
sults over the entire surface, sufficient measurements must also be
available on its perimeter. Interpolation by ordinary stable kriging ob-
tains adequate results under LOS and N-LOS conditions. The generated
maps contribute to a better perception of risk as they provide an
objective and simple tool to show the level of EMF. They do not require
complex propagation models but are based on interpolations made
within a GIS. They can also be combined, using these techniques, for risk
assessment and even, if epidemiological data are available, for possible
correlations studies.

The proposal considers the differences between urban areas, with the
possibility of multipath, and rural (non-urban) areas. For the analysis of
urban areas, a grid of 250 x 250 m? has been proposed as a guideline for
the spatial organisation of the territory in urban areas and 500 x 500 m?
in rural areas.

Depending on the extent and regularity of the surface, the density of
measurement points has been estimated to be between 8 and 10 points
per square kilometre in the urban area. Lower point densities result in
IDW representations and higher densities increase the measurement
effort excessively. In the case under study, for the urban area, a density
of 9.64 points/km? has been reached.

The study has been performed following the six-minute averaging
criterion and in a bandwidth from 100 kHz to 3 GHz. The latest ICNIRP
recommendations modify these values to take into account, among
others, the new 5G signals, not yet present in the area. The urban study
was carried out in a mainly residential area, where there are no
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concentrations of the general public, which could lead to areas of greater
exposure due to greater use of the network. For future studies, therefore,
the measurement and comparison according to the latest ICNIRP rec-
ommendations is still pending in areas where the new 5G networks have
been incorporated and in urban micro-environments where there is a
higher population density or uses significantly different from residen-
tial. Another point of continuation of this research is the correlation of
the measured values with tumor statistics and other diseases. The op-
portunity provided by exposure maps created for entire urban envi-
ronments may allow, where appropriate, to find possible relationships.
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